S1. Visualization Tutorial
Step 1 Load Model. Select File -> Load from Model Collection Database (Alt+F then Alt+D). For a test purpose, select ecoli_core_model, then click the OK button on the Model Collection dialog. This model will be used for this tutorial since it is a small model and therefore visualization will be rapid on any computer. Notice the "Yes" entry in the Identifiers column; meaning the model has KEGG (Kanehisa et al., 2011) IDs or ChEBI (Degtyarenko et al., 2008) IDs or both. Only models with identifiers can be visualized. See the Visualization Menu page for more on identifiers.
The progress bar will appear while the model is loading, then close when the load is finished.
Step 2 Visualize Compartment. Select Visualization → Visualize Compartment (Alt+V then Alt+V).
The Compartment Name Selection dialog will appear.
Select "C_c (Cytosol)" to visualize the cytosol compartment. This compartment should already be selected, but if not click the arrow next to the drop box to select this compartment. Click the OK button to continue.
The progress bar will appear while the model is being processed, then close when the visualization is finished.
A Visualization report will appear on top of the Visualization frame. The report lists reactions that were graphed and not graphed. For the ecoli_core_model, all 49 of the reactions in the cytosol compartment will be visualized and listed in the Plotted Reactions category. The OK button on the bottom of the report or X button on the top right can be used to close the report, or the report can be minimized to view the Visualization frame. If the report was closed it can easily be viewed again by selecting Options -> Visualization Options -> Show Visualization Report from the Graphical Interface menu bar.(Alt+O then Alt+V then Alt+R). The report for this model can be found here.
Visualization Report Visualization Frame
Step 3
Navigate the Visualization
MOST-Visualization features zoom and pan navigation. The visualization can be panned by dragging the mouse inside the drawing or moving the scroll bars. The "+" button will zoom in and the "-" button will zoom out. The name of the model and compartment visualized are in the top left corner. A legend containing line thicknesses and the flux ranges (absolute value) that each thickness represents lies below the compartment name if the model contains any non-zero fluxes.
The remainder of the visualization contains reaction, and metabolite nodes joined by edges and pathway labels. See Visualization Overview.
Step 4 Figure A1 created from SVG file produced from the visualization of this model can be seen on the next page. Step 5
Save the Visualization as an SVG file

Visualize Larger Models
The visualization of the ecoli_core is rather sparse considering the small number of reactions present. After becoming accustomed to the appearance and navigation of the visualization of a small model, try loading a larger model such as iAF1260 or another model that has a "Yes" in the Identifiers column.
An analysis of the visualizations and reports follows for four models. Links to reports can be found in the captions of visualizations. These figures and tables were created from SVG files and Visualization Reports produced from the visualization of the iAF1260 model. Table B1 is the Visualization Report for Figure B1 . The first category in the report is "Unplotted Reactions -Reaction not in Database". These are reactions where all metabolites have been identified KEGG IDs but these reactions are not present in our map and therefore are not plotted. The second category is "Unplotted Reactions -Missing KEGG ID(s)". Reactions in this category contain one or more metabolites that have not been identified by a KEGG ID or other identifier (see S2 below for a description of identifiers). The third category is "Plotted Reactions". All metabolites in these reactions have been identified and therefore these reactions are plotted in the visualization. Figure B3 is a visualization of the iAF1260 model where the option "Graph All Reactions and Metabolites in Database" has been selected in the Options -> Visualization Options menu. If this option is selected and a model is visualized, reactions nodes and the nodes of metabolites that exclusively participate in that reaction that have not been identified are shown in light colors. The tooltips of unidentified reaction nodes will show which metabolites need to be present for the reaction to be plotted. The tooltips of unidentified metabolite nodes will contain information from the database only (3 lines as opposed to 6 for identified metabolites). The "Unplotted Reactions" category in the report and the "Graph All Reactions and Metabolites in Database" option can assist a user to identify metabolites that are not identified in a model.
In Figure B1 there is no legend in the upper left since all fluxes are 0 in the iAF1260 model. The edges of all reactions will be thin gray lines. If FBA is run on this model (see http://most.ccib.rutgers.edu/fba_tutorial.html) the model will contain non-zero fluxes and a legend will be present showing edge thicknesses for fluxes. See Figure B2 and the report for this visualization - Table B2 .
The reports for Figures B1, B2 , and B3 are identical since running FBA does not modify the model except for changing the flux values, and selecting "Graph All Reactions and Metabolites in Database" only modifies how the graph is displayed and not what reactions and metabolites have been identified in the loaded model.
In Figure B3 , the Calvin Cycle is plotted since all reactions and metabolites in the database have been plotted. In Figures B1 and B2 the Calvin Cycle is not plotted since reactions that only occur in the Calvin Cycle have not been identified in the model. Figure B4 and Table B3 , the report for this figure show the results if the option "Graph All Reactions and Metabolites in Database" has been deselected and "Always Graph Calvin Cycle" has been selected in the Options -> Visualization Options menu and then a model is visualized. Any reactions found in the model that occur in the Calvin Cycle will be plotted. This option is useful if the user believes the Calvin Cycle should be present in the visualized model. The option "Graph All Reactions and Metabolites in Database" has been deselected and "Always Graph Calvin Cycle" has been deselected in the Options -> Visualization Options menu, then this model was visualized. Figure C1 and Table C1 were created from this visualization. Notice that the Calvin Cycle is found since reactions that only occur in this model are found. The Calvin Cycle can be found near the top of the visualization to the right of the model name and compartment label. Reports for this model and others can be analyzed similarly to the analysis of the report in the iAF1260 section above. Supplementary Table S2 shows the number of reactions in each category for 35 models. 
S2. Description of Algorithm
The Metabolic Pathways portion of Roche Biochemical Pathways map was used as a guide for positions of metabolites and reactions. The KEGG Pathway Database was used to as a source for possible reactions, as well as models such as E. coli iAF1260, iJO1366, and yeast_7.6. KEGG-Crawler https://github.com/mentatpsi/KEGG-Crawler, a parallel web crawler for the retrieval of KEGG genomics data, was used to produce tables that are part of the database used for visualization and another source for possible reactions and metabolites to be graphed. These sources were used to create a map of ~1900 reactions most of which include metabolites from the Roche map. Metabolites and reactions not present in the Roche map were added to our map based on constraints such as belonging to the same pathway as reactions in a given section of the Roche map and whether there was available space in the map for a reaction and associated metabolites. One problem with using the Roche map is that there are many multi-step reactions that are condensed into one step whereas the models available include most or all of these steps. In most cases there was enough room to map all of the steps.
KEGG IDs, ChEBI IDs, or Model SEED IDs are required to identify metabolites, since these identifiers serve as positive identifiers of a metabolite. Only reactions where all metabolites have identifiers are considered. Reactions are mapped by compartment. Reactions and metabolites that participate in a given reaction are identified by matching KEGG IDs of reactants and products from the model to reactants and products in this database in forward or reverse order. Protons in reactions from the model are excluded from this matching and water can optionally be excluded since these species are commonly omitted in commonly used models. If EC Numbers or KEGG IDs for reactions are present in a model, the requirements for a match are less strict, and a reaction is considered a match if the identifier matches the identifier in the database unless a species is present in the database that is not in the model. (An example: one enzyme can catalyze several sugars.) If no identifier is present for a reaction, an exact match is required for identification. Due to space constraints in the map, there is a maximum of three reactions connecting any pair of major metabolites in a pathway in most cases. Classes of reactions and metabolites are used to limit the number of reaction nodes to three. These classes are used in redox reactions which commonly have three types of reactions, reactions involving NAD/NADP -NADH/NADPH, reactions involving peroxide, and reactions with the broad classes of acceptor and reduced acceptor. Examples of acceptor/reduced acceptor pairs are FAD/FADH2, Ferricytochrome c/Ferrocytochrome c, and quinol/quinone. Cofactors such as AMP/ADP/ATP can also be substituted for by similar compounds in reactions such as GMP/GDP/GTP, IMP/IDP/ITP and others. Compounds such as fatty acids where the compounds are the same except for carbon length are considered to be classes of compounds, and some sugars are treated the same as many models do not distinguish between DGlucose, alpha-D-Glucose and beta-D-Glucose for example. Multiple reactions may be mapped to a reaction position and associated metabolites due to the use of these classes.
The JUNG library in Java is used to draw the map from positions in this database. A report is generated after visualizing the model with lists of reactions that have identifiers but are not present in the database, reactions where one or more metabolites is not identified, and reactions that have been graphed.
S3. Case Studies
Software that is used to draw networks manually will not be considered in these case studies since it is quite tedious to draw a large network manually. Software that is command-line will not be considered in these case studies as command line software is difficult to use for those without programming knowledge (Kelley et al., 2014) . Software used in these case studies and other similar software is compared in Supplementary Table S1 .
Case 1 -Basic functionality of visualization programs using the E. coli core model SBML (Hucka et al., 2003) file from the Model Collection in MOST.
Programs that can load GEMs as SBML files, use automation to match data to nodes, and visualize the entire network or an overview of the network are tested in Case 1. Cytoscape (Shannon et al., 2003) with the cy3sbml (König et al., 2012) app installed, MetDraw (Jensen and Papin, 2014) , and MOSTVisualization are examples of tools that have these attributes. Cytoscape and MetDraw visualize the entire network using automated layouts. MOST-Visualization uses a pre-drawn overview map of the network. MOST-Visualization can automatically match data from a GEM to metabolites and reactions in the pre-drawn map provided that KEGG metabolite IDs, ChEBI IDs or ModelSEED (Henry et al., 2010) IDs are present to identify metabolites (see Supplementary Table S1 ).
The visualization of the E. coli core model using MOST-Visualization clearly shows all pathways in the E. coli core model (See Figure S3-1) . Cytoscape produces a hairball with no evidence of pathways ( Figure  S3 -2). MetDraw (web-based version) with default settings (Figure S3-3) does not show any evidence of pathways. Changing settings such as "Cluster Subsystems", "Show Exchanges", "Compact", and unchecking some metabolites as minors produces a graph that shows some clusters of nodes as pathways ( Figure S3-4) . It is probably possible with the right set of settings to get an adequate representation of some pathways, but producing a graph of the TCA cycle that looks like representations in textbooks is probably not possible. organisms. GEMSiRV (Liao et al., 2009 ) provides this feature but data from a loaded SBML file must be matched manually to nodes in the map in order to use this feature, and only graphs pathways using KEGG pathway maps.
We tested this feature on programs that use pre-drawn maps and visualize an overview of the entire network. MOST-Visualization automatically scales edge thicknesses using fluxes in a loaded SBML model by default (Figure S3-5) . iPath2 (Letunic et al., 2008) and Pathway Projector (Kono et al., 2009 ) use the KEGG Atlas (Okuda et al., 2008) , a pre-drawn overview map of metabolism. Data can be imported into each of these two programs using program specific file formats. KEGG IDs or other identifiers are used to map data to reactions and metabolites. MOST-Visualization can automatically match data from a GEM to metabolites and reactions in the pre-drawn map provided that KEGG metabolite IDs, ChEBI IDs or ModelSEED IDs are present to identify metabolites (see Supplementary Table S1 ). iPath2 and Pathway Projector ( Figure S3-7) were tested using the same fluxes used by MOST-Visualization. KEGG reaction IDs positively identify a reaction and were used as identifiers for reactions to scale edge thicknesses and color edges in iPath2 and Pathway Projector. The identifiers used by MOST-Visualization are more commonly available than the identifiers used by these other tools (see Supplementary Table  S1 ). MOST-Visualization can be used to compare fluxes in a model under different conditions or make comparisons between different models . If analyses are run on a model the flux distribution produced by each analysis can be visualized automatically. Similar comparisons could be made using iPath or Pathway Projector but the input file would have to be edited manually to add the edge thicknesses and colors for each edge, which is time-consuming for a large model.
FBA was run the iAF1260 model with aerobic conditions and the result of FBA analysis was visualized. The same procedure was done on the Ec_iAF1260_anaerobic_glc10_succinate model which has anaerobic conditions ( Figures S3-8 and S3-9 ). Both models are present in the Model Collection. Case 3 -Comparison of pathway representations in pre-drawn maps Glycolysis converts glucose into pyruvate and forms the high-energy molecules ATP and NADH. The representation of Glycolysis in MOST-Visualization clearly shows this by graphing the cofactors in reactions. KEGG pathway maps and the KEGG Atlas do not show cofactors. This makes MOSTVisualization a better teaching tool in that it shows all species (except protons in most cases) in a reaction, so one can clearly identify where ATP is consumed and produced, and where NADH is produced in this pathway ( Figures S3-10 and S3-11) . Escher graphs cofactors, but is only of limited use since it only provides a few pre-drawn pathway maps for 3 organisms (Figure S3-12 ). iPath2 and Pathway Projector which use the KEGG Atlas ( Figure S3-13 and Figure S3-14) and GEMSiRV which uses KEGG pathway maps ( Figure S3-15) do not show cofactors. Supplementary Table S1 -Software that uses either a pre-drawn map or automated layout was compared in this table. Only free software that does not require a subscription was considered in this comparison. Software that is used for drawing pathways manually was not considered. Command line software was not considered since this type of software is difficult to use for those without programming knowledge. MOSTVisualization is the only software package of the software considered that has the desirable attributes (shown in green or light green) of using the widely used SBML file format, automated matching from of data from GEMs to metabolites and reactions in the map (provided that metadata to identify metabolites is available in the GEM**), a pre-drawn map which results in an understandable layout, and an overview of metabolism which comes close to visualizing the entire network. Other software that uses SBML files as input either does not produce an understandable layout, requires the user to match data to nodes manually, or only produces pathway maps. Most software that uses predrawn maps such as KEGG maps uses custom input files and cannot perform automated matching from GEMs to nodes**.
*Unable to test. Program crashes when loading files from website on Windows 7. **Most of the software that uses pre-drawn maps uses custom input files and can automatically match data to metabolites and reactions in the map from these files, but cannot match data directly from GEMs to these items in the map. These custom input files must be created by the user which can be tedious work. MOSTVisualization can match data from GEMs to metabolite and reactions in the map automatically provided the identifiers necessary to identify metabolites are present. The identifiers used in these custom input files to identify reactions, KEGG reaction IDs or KEGG KOs (from the KEGG Orthology database) , are much less commonly available in GEMs than the identifiers used by MOST-Visualization to identify reactions, KEGG metabolite IDs, ChEBI IDs, or ModelSEED metabolite IDs . For example none of the 88 models in the BiGG Models database (King et al., 2015) , a major repository of GEMs, contain KEGG reaction IDs or KEGG KOs while all of these models contain KEGG metabolite IDs or ChEBI IDs. None of the models that we tested from ModelSEED, a resource for metabolic models, contained KEGG reaction IDs or KEGG KOs, while all of these models contained ModelSEED metabolite IDs. Only 5 out of 46 models in the Model Collection included in MOST contain the identifiers used by these custom input files, while 43 out of 46 models (these numbers may increase as we add new models) contain the identifiers used by MOST-Visualization.
